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(57) ABSTRACT 

A semiconductor device is proposed. The semiconductor 
device includes a group Ill-N semiconductor layer, an
electrically insulating material layer located on the group 
Ill-N semiconductor layer, and a metal contact structure 
located on the electrically insulating material layer. An 
electrical resistance between the metal contact structure and 
the group Ill-N semiconductor layer through the electrically 
insulating material layer is smaller than 1 * 1 0 7Q for an area 
of 1 mm2. Further, semiconductor devices including a low 
resistance contact structure, radio frequency devices, and 
methods for forming semiconductor devices are proposed. 
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SEMICONDUCTOR DEVICES, RADIO 
FREQUENCY DEVICES AND METHODS 

FOR FORMING SEMICONDUCTOR 
DEVICES 

FIELD 

10001] Examples of the present disclosure relate to semi-
conductor devices and to group Ill-N semiconductor devices 
in particular. Further examples relate to radio frequency 
devices including group Ill-N semiconductor structures, to 
methods for forming semiconductor devices, and to com-
munication systems. 

BACKGROUND 

10002] In modern radio technologies, there is a need for 
fast and efficient transistors for enabling improved function-
ality of communication systems, for example. Therefore, 
new semiconductor materials as for example wide band gap 
semiconductor materials are researched for radio applica-
tions. For example, group Ill-N semiconductors or Ill-N 
technology may be relevant for enabling new communica-
tion standards like the 5G standard. 
10003] One aspect for enabling the application of wide 
band gap semiconductor devices is e.g. defining low resis-
tance contacts to the wide band gap semiconductor material, 
for example GaN material, which may be challenging in part 
due to its large bandgap. Low resistance contacts are needed 
to fulfill the potential for high performance transistors 
needed in the field of radio frequency (RF) applications, for 
example. 

BRIEF DESCRIPTION OF THE FIGURES 

10004] Some examples of apparatuses and/or methods will 
be described in the following by way of example only, and 
with reference to the accompanying figures, in which 
10005] FIG. 1 shows a schematic cross section of a part of 
a semiconductor device with an electrically insulating mate-
rial layer between a metal contact structure and a group Ill-N 
semiconductor layer; 
10006] FIG. 2 shows a schematic cross section of a part of 
a semiconductor device with a group Ill-N semiconductor 
layer and a low resistive contact structure; 
10007] FIG. 3 shows a schematic cross section of a part of 
a semiconductor device comprising a field effect transistor; 
10008] FIG. 4 schematically shows a band scheme of a 
semiconductor device with an electrically insulating mate-
rial layer; 
10009] FIG. S shows a flow chart of an exemplary method 
for forming a semiconductor device; 
10010] FIGS. 6a to 6i show schematic cross sections of a 
part of a semiconductor device during manufacturing; and 
10011] FIG. 7 shows a schematic example of a communi-
cation system comprising a semiconductor device. 

DETAILED DESCRIPTION 

10012] Various examples will now be described more fully 
with reference to the accompanying drawings in which some 
examples are illustrated. In the figures, the thicknesses of 
lines, layers and/or regions may be exaggerated for clarity. 
10013] Accordingly, while further examples are capable of 
various modifications and alternative forms, some particular 
examples thereof are shown in the figures and will subse-
quently be described in detail. However, this detailed 
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description does not limit further examples to the particular 
forms described. Further examples may cover all modifica-
tions, equivalents, and alternatives falling within the scope 
of the disclosure. Same or like numbers refer to like or 
similar elements throughout the description of the figures, 
which may be implemented identically or in modified form 
when compared to one another while providing for the same 
or a similar functionality. 
10014] It will be understood that when an element (e.g. 
first layer) is referred to as being "located on" or "formed 
on" another element (e.g. second layer), the elements may be 
in contact with each other or one or more intervening 
elements (e.g. third layer) may be located in between. If two 
elements A and B are combined using an "or", this is to be 
understood to disclose all possible combinations, i.e. only A, 
only B as well as A and B, if not explicitly or implicitly 
defined otherwise. An alternative wording for the same 
combinations is "at least one of A and B" or "A and/or B". 
The same applies, mutatis mutandis, for combinations of 
more than two Elements. 
10015] The terminology used herein for the purpose of 
describing particular examples is not intended to be limiting 
for further examples. Whenever a singular form such as "a," 
"an" and "the" is used and using only a single element is 
neither explicitly or implicitly defined as being mandatory, 
further examples may also use plural elements to implement 
the same functionality. Likewise, when a functionality is 
subsequently described as being implemented using mul-
tiple elements, further examples may implement the same 
functionality using a single element or processing entity. It 
will be further understood that the terms "comprises," "com-
prising," "includes" and/or "including," when used, specify 
the presence of the stated features, integers, steps, opera-
tions, processes, acts, elements and/or components, but do 
not preclude the presence or addition of one or more other 
features, integers, steps, operations, processes, acts, ele-
ments, components and/or any group thereof. 
10016] Unless otherwise defined, all terms (including tech-
nical and scientific terms) are used herein in their ordinary 
meaning of the art to which the examples belong. 
10017] FIG. 1 shows an example of a semiconductor 
device 100 with an electrically insulating material layer 
between a metal contact structure and a group Ill-N semi-
conductor layer. Accordingly, the semiconductor device 100 
comprises a group Ill-N semiconductor layer 110 and an
electrically insulating material layer 120 formed on the 
group Ill-N semiconductor layer 110. Further, the semicon-
ductor device 100 comprises a metal contact structure 130 
formed on the electrically insulating material layer 120. 
10018] The semiconductor device 100 may be configured 
to conduct an electrical current 135 from the metal contact 
structure 130 to the group Ill-N semiconductor layer 110 
through the electrically insulating material layer 120. The 
metal contact structure 130, the electrically insulating mate-
rial layer 120 and the group Ill-N semiconductor layer 110 
may form a low resistive contact structure. For example, an
ohmic contact may exist between the metal contact structure 
130 and the group Ill-N semiconductor layer 110 through 
the electrically insulating material layer 120. For example, 
although the electrically insulating material layer 120 may 
comprise electrically insulating material, the electrically 
insulating material layer 120 does not electrically insulate 
the metal contact structure 130 from the group Ill-N semi-
conductor layer 110 (e.g. due to the small thickness of the 
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layer). In contrast, an electrical resistance between the metal 
contact structure 130 and the group 111-N semiconductor 
layer 110 may be lowered due to introducing the interme-
diary electrically insulating material layer 120, e.g. com-
pared to a contact structure comprising an electrically con-
ductive layer deposited directly on a group 111-N 
semiconductor layer. 

10019] An electrical resistance between the metal contact 
structure 130 and the group 111-N semiconductor layer 110 
through the electrically insulating material layer 120 may be 
smaller than 1*10-6Q (or smaller than 1*10-7Q, smaller 
than 1*10-SQ or smaller than 1*109Q) for an area of 1 
mm2 In other words, the electrical resistance between the 
metal contact structure 130 and the group 111-N semicon-
ductor layer 110 may be smaller than 1* 10_6 Qimn2 (or 
smaller than 1 e 7 Qmm2 smaller than 1 * 10 8Q or smaller 
than 1*109Q). For example, "Q for an area of 1 mm2,, is 
used as unit for the electrical resistance, although the actual 
contact area of the metal contact structure is much smaller. 
Alternatively, Qim2 (e.g. 1*10_6 Q Qim2) or Q nm2
(e.g. 1* 10_6 Q m2 1* 106 Qr 2) may be used as units. The 
absolute electrical resistance between the metal contact 
structure 130 and the group 111-N semiconductor layer 110 
through the electrically insulating material layer 120 may 
depend on the size of the contact area between the metal 
contact structure 130 and the group 111-N semiconductor 
layer 110. For example, the contact area between the metal 
contact structure 130 and the group 111-N semiconductor 
layer 110 may be equal to an area of the electrically 
insulating material layer 120 used to conduct current 
between the metal contact structure 130 and the group 111-N 
semiconductor layer 110 and/or an area of the electrically 
insulating material layer 120 in contact with the metal 
contact structure 130 at one side and in contact with the 
group 111-N semiconductor layer 110 and/or a highly doped 
group 111-N contact portion. For example, the contact area 
between the metal contact structure 130 and the group 111-N 
semiconductor layer 110 may be smaller than 1 tm2 (or 
smaller than 0.1 tm2 or smaller than 1000 nm2). The 
electrical resistance may be measured by only taking into 
account an electrical path leading through the electrically 
insulating material layer 120. For example, the metal contact 
structure 130 may have an contact area of 0.01 tm2, hence 
the actual electrical resistance of the semiconductor device 
100 may be smaller than 1*10-7 Qmm2*(0.01 tm2) '=10Q 
or smaller than 1*10 8 Qmm2*(0.01 tm2) '=1Q. 

10020] The low electrical resistance of the proposed group 
111-N semiconductor to metal contact may be achieved due 
to providing an insulator between the metal contact structure 
and the semiconductor material, e.g. the electrically insu-
lating material layer 120, which, for example, allows unpin-
ning of the Fermi level, and providing a lower Schottky 
barrier for electron injection into the 111-N material, e.g. the 
group 111-N semiconductor layer 110. An effect of the 
proposed concept may be the ability to tune a band align-
ment of metal to 111-N material semiconductor, depending 
on dielectric film, e.g. the electrically insulating material 
layer 120, that is inserted in between. An ohmic character-
istic of the group 111-N semiconductor to metal contact may 
be achieved due to thermionic emission over the barrier 
introduced by the electrically insulating material layer 120 
and/or tunneling through the electrically insulating material 
layer 120, for example. 
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10021] The electrically insulating material layer 120 may 
be in contact with the group Ill-N semiconductor layer 110, 
and/or the metal contact structure 130 may be in contact with 
the electrically insulating material layer 120, for example. 
The group Ill-N semiconductor layer 110, the electrically 
insulating material layer 120, and the metal contact structure 
130 may be vertically stacked. For example, the vertical 
direction and a vertical dimension may be measured 
orthogonal to a backside surface of a semiconductor sub-
strate (e.g. the group Ill-N semiconductor layer 110 or a 
substrate on which the group Ill-N semiconductor layer 110 
is located) of the semiconductor device 100. 
10022] For example, a thickness 125 of the electrically 
insulating material layer 120 may be at least 0.1 nm (or at 
least 0.2 nm, at least 0.3 nm, at least 0.5 nm or at least 1 nm) 
and/or at most 5 nm (or at most 3 nm, at most 2 nm or at most 
1 nm). The thickness 125 of the electrically insulating 
material layer 120 may be small so that an insulating effect 
of the electrically insulating material layer is smaller than a 
reduction of the electrical resistance due to introducing the 
electrically insulating material layer 120 for avoiding direct 
contact of the metal contact structure 130 with the group 
Ill-N semiconductor layer 110, for example. 
10023] For example, the electrically insulating material 
layer 120 may be an oxide layer or a nitride layer. The 
electrically insulating material layer 120 may be a titanium 
dioxide (TiO2) layer, a hafnium dioxide (H102) layer, an
aluminum oxide (A1203) layer, or a zirconium dioxide 
(ZrO2) layer or a combination of two or more of these 
materials. The electrically insulating material layer 120 may 
comprises at least 90% (or more than 95% or more than 
99%) of the respective oxide material, for example. A 
remaining percentage of material differing from the respec-
tive oxide material may result from impurities, for example. 
10024] For example, the group Ill-N semiconductor layer 
110 may be a gallium nitride (GaN) layer or an indium 
gallium nitride (InGaN) layer. A thickness and/or vertical 
dimension of the group Ill-N semiconductor layer 110 may 
be at least 100 nm (or at least 200 nm, at least 500 nm or at 
least 1 tm) and/or at most 8 tm (or at most 5 tm, at most 
3 im or at most 1 tim). 
10025] For example, the insulating material used for the 
electrically insulating material layer 120 may be selected to 
be similar to the semiconductor material used for the group 
Ill-N semiconductor layer 110 with respect to the band gap 
of the materials. For example, the group Ill-N semiconduc-
tor layer 110 may comprise GaN with a band gap of 3.4 eV 
and the electrically insulating material layer 120 may com-
prise TiO2 with a band gap of 3.5 eV. Similar band gaps of 
the materials of the two layers may improve the conductivity 
of the semiconductor device 100, to for example further 
reduce the electrical resistance between the metal contact 
structure 130 and the group Ill-N semiconductor layer 110. 
10026] According to an example, the semiconductor 
device 100 may comprise a highly doped group Ill-N 
contact portion located between the electrically insulating 
material layer 120 and a portion of the group Ill-N semi-
conductor layer. For example, the highly doped group Ill-N 
contact portion may be in contact with the electrically 
insulating material layer 120. In other words, a contact 
interface may exist between a bottom surface of the elec-
trically insulating material layer 120 and a top surface of the 
highly doped group Ill-N contact portion, for example. The 
highly doped group Ill-N contact portion may be part, e.g. 
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a doped portion, of the group Ill-N semiconductor layer 110 
or may be a semiconductor portion located, e.g. epitaxially 
grown, on the group Ill-N semiconductor layer 110. 
10027] A vertical dimension of the highly doped group 
Ill-N contact portion may be at least 20 nm (or at least 50 
nm or at least 100 nm) and/or at most 250 nm (or at most 200 
nm or at most 150 nm). For example, the highly doped group 
Ill-N contact portion may be in contact with the electrically 
insulating material layer 120 in the same or partially same 
area as the metal contact structure 130. 
10028] For example, the group Ill-N semiconductor layer 
110 may be formed on a group Ill-N buffer layer (e.g. shown 
in FIG. 3). The group Ill-N semiconductor layer 110 may be 
deposited or epitaxially grown on the group Ill-N buffer 
layer. The group Ill-N buffer layer may have a thickness of 
at least 100 nm (or at least 200 nm, at least 500 nm or at least 
1 tim) and/or at most 8 im (or at most 5 tim, at most 3 im 
or at most 2 tim). For example, the group Ill-N semicon-
ductor layer 110 may comprise a semiconductor material 
differing from a semiconductor material of the group Ill-N 
buffer layer or may comprise the same semiconductor mate-
rial. 
10029] For example, the metal contact structure 130 may 
comprise a metal layer or a metal portion comprising at least 
one of copper, tungsten and aluminum and/or an alloy of 
copper, tungsten and/or aluminum, for example. For 
example, the metal layer or a metal portion of the metal 
contact structure 130 may comprise more than 90% of 
copper, tungsten and/or aluminum. The metal portion may 
have a vertical extension or height of at least 30 nm (or at 
least 50 rim) and/or of at most 250 nm (or at most 150 nm). 
10030] Additionally, the metal contact structure 130 may 
comprise a sublayer being an adhesion layer, a work func-
tion layer and/or a barrier layer for improving the adhesion, 
the adaption of the work function and/or the barrier for 
diffusion. The sublayer of the metal contact structure 130 
may be a titanium (Ti) layer, a titanium nitride (TiN) layer, 
or a tantalum nitride (TaN) layer. The adhesion layer may 
have a thickness of at least 1 nm (or at least 2 nm or at least 
5 nm) and/or of at most 20 nm (or at most 15 nm, at most 
10 nm or at most 5 nm). 
10031] Further, the metal contact structure 130 may com-
prise a second sublayer, e.g. a metal portion located on the 
adhesion layer and in contact with the adhesion layer. The 
metal portion may 
10032] For example, the group Ill-N semiconductor layer 
110 may be located or formed on a silicon substrate (e.g. a 
(111) crystal structure substrate and/or a high-resistivity 
(HR) substrate). The group Ill-N semiconductor layer 110 
may be in contact with the silicon substrate. Alternatively, 
e.g. if the semiconductor device 100 comprises a buffer 
layer, the group Ill-N semiconductor layer 110 may be in 
contact with the group Ill-N buffer layer, and the group Ill-N 
buffer layer may be in contact with the silicon substrate. 
10033] For example, the semiconductor device 100 may 
comprise a transistor, e.g. a field effect transistor, and the 
metal contact structure 130 may provide an electrical contact 
to a semiconductor region of the transistor. The field effect 
transistor may be a lateral transistor, e.g. a high-electron-
mobility transistor (HEMT) or a metal oxide semiconductor 
field effect transistor (MOSFET). 
10034] For example, the metal contact structure 130 may 
be a source contact of a field effect transistor of the semi-
conductor device. The semiconductor device 100 may com-
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prise a further metal contact structure, e.g. providing a drain 
contact of the field effect transistor. Accordingly, the semi-
conductor device 100 may be configured to conduct a 
current between the metal contact structure 130 and the 
further metal contact structure along a current path through 
the electrically insulating material layer 120 and the group 
Ill-N semiconductor layer 110. The current path from the 
channel region of the field effect transistor to the further 
metal contact structure may lead through a further electri-
cally insulating material layer. For example, the further 
metal contact structure may be located on the further elec-
trically insulating material layer. 
10035] The field effect transistor may be a high-electron-
mobility transistor and e.g. further comprise a polarization 
layer located on the group Ill-N semiconductor layer and 
positioned laterally between the source contact and the drain 
contact of the field effect transistor. The polarization layer 
and the group Ill-N semiconductor layer 110 may form a 
heterostructure of the semiconductor device 100. The polar-
ization layer may be an aluminum gallium nitride layer, an
indium aluminum nitride layer, or an indium aluminum 
gallium nitride layer, for example. The polarization layer 
and the group Ill-N semiconductor layer comprise different 
semiconductor materials, having different band gaps, for 
example. The polarization layer may have a thickness of at 
least 3 nm (or at least 5 nm or at least 10 nm) and/or at most 
50 nm (or at most 30 nm or at most 20 nm). 
10036] For example, a mobility enhancement layer may be 
located vertically between the polarization layer and the 
group Ill-N semiconductor layer 110. For example, the 
spacer layer may be an aluminum nitride layer having a 
thickness of at least 0.5 nm (or at least 1 nm or at least 2 nm) 
and/or at most 5 nm (or at most 4 nm or at most 3 nm). The 
A1N layer may work as additional polarization layer and 
may provide a different polarization field to GaN. However 
since lattice mismatch between A1N and GaN may be great 
so that a critical layer thickness may be very small. For 
example, only 1-2 nm of A1N can be grown which might not 
be enough to induce sufficient charge. In addition A1N may 
be a mobility enhancement layer, because as electrons travel 
near that interface having a binary compound (A1N) vs. 
tertiary (such as AlGaN, or InA1N) may provide fewer 
scattering centers. 
10037] A gate electrode of the field effect transistor may be 
located on the polarization layer. For example, the gate 
electrode may be in contact with the polarization layer. 
Alternatively, a gate insulation layer may be arranged 
between the gate electrode and the polarization layer. The 
gate insulation layer may comprise a same material and/or 
have a same height as the electrically insulating material 
layer 120, for example. 
10038] For example, the semiconductor device 100 may 
comprise a diode or a transistor, and the metal contact 
structure 130 may provide an electrical contact to an anode 
region of a diode, a cathode region of a diode, a drain region 
of a transistor, a source region of a transistor, a collector 
region of a transistor, an emitter region of a transistor, and/or 
a base region of a transistor of the semiconductor device 
100. 
10039] For example, the highly doped portion of the group 
Ill-N semiconductor layer may provide a contact doping 
portion of an anode region of a diode, a portion of a cathode 
region of a diode, a portion of a drain region of a transistor, 
a portion of a source region of a transistor, a portion of a 
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collector region of a transistor, a portion of an emitter region 
of a transistor, and/or a portion of a base region of a 
transistor of the semiconductor device. 

10040] The low resistance contact structure provided by 
the semiconductor device 100 may be applied in radio 
frequency applications, for example. The semiconductor 
device 100 may be used in RF devices like RF transistors. 
Alternatively, the semiconductor device 100 may be used, 
e.g. as low resistive contact structure of transistors or diodes, 
in the field of power electronics, e.g. in power devices or 
power converters. 

10041] For example, the semiconductor device to be pro-
vided in a power electronics application may be a power 
semiconductor device. A power semiconductor device or an 
electrical structure (e.g. transistor arrangement of the semi-
conductor device and/or diode arrangement of the semicon-
ductor device) of the power semiconductor device may have 
a breakdown voltage or blocking voltage of more than 10V, 
more than 100 V or more than 500 for example. 

10042] More details and aspects are mentioned in connec-
tion with the embodiments described below. The embodi-
ments shown in FIG. 1 may comprise one or more optional 
additional features corresponding to one or more aspects 
mentioned in connection with the proposed concept or one 
or more embodiments described below (e.g. FIGS. 2-7). 

10043] FIG. 2 shows an example of a semiconductor 
device 200 with a group Ill-N semiconductor layer 210 and 
a low resistive contact structure. The low resistive contact 
structure comprises a highly doped group Ill-N contact 
portion 210a, an electrically insulating material layer 220, 
and a metal contact structure 230. The highly doped group 
Ill-N contact portion 210a is located on a group Ill-N 
semiconductor layer 210. For example, the highly doped 
group Ill-N contact portion 210a is in contact with the group 
Ill-N semiconductor layer 210, e.g. epitaxially grown on the 
group Ill-N semiconductor layer 210. 

10044] The electrically insulating material layer 220 is 
located on, and e.g. in contact with, the highly doped group 
Ill-N contact portion 210a, and the metal contact structure 
230 is located on, and e.g. in contact with, the electrically 
insulating material layer 220. The highly doped group Ill-N 
contact portion 210a may have a doping concentration of at 
least 1*1019 cm 3 (or of at least 5*1019 cm 3 or of at least 
1*1020 cm3). 

10045] Providing the low resistive contact structure com-
prising the electrically insulating material layer 220 may 
enable a low resistive contact between the metal contact 
structure 230 and the group Ill-N semiconductor layer 210. 
The low electrical resistance of the proposed semiconductor 
device 200 may be achieved by implementation of the 
electrically insulating material layer 220 having a defined 
thickness and insulating material to allow a current flow 
through the electrically insulating material layer 220. In 
other words, the semiconductor device may be configured to 
conduct an electrical current or to provide a low-impedance 
conductive current path from the metal contact structure 230 
to the group Ill-N semiconductor layer 210 through the 
electrically insulating material layer 220 and the highly 
doped group Ill-N contact portion 210a. 

10046] For example, an electrical resistance between the 
metal contact structure 230 and the group Ill-N semicon-
ductor layer 210 through the electrically insulating material 
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layer 220 and the highly doped group Ill-N contact portion 
210a may be smaller than 1*106Q (or smaller than 1*10 
7Q) for an area of 1 mm2
10047] More details and aspects are mentioned in connec-
tion with the embodiments described above or below. The 
embodiments shown in FIG. 2 may comprise one or more 
optional additional features corresponding to one or more 
aspects mentioned in connection with the proposed concept 
or one or more embodiments described above or below (e.g. 
FIGS. 1 and 3-7). 
10048] An aspect of the disclosure relates to a radio 
frequency (RF) device, e.g. a group Ill-N semiconductor RF 
device or a GaN RF device, comprising a field effect 
transistor and a low resistive contact structure of the field 
effect transistor. The low resistive contact structure com-
prises a highly doped group Ill-N contact portion, an elec-
trically insulating material layer, and a metal contact struc-
ture. For example, the metal contact structure provides a 
drain contact or a source contact of the field effect transistor. 
The field effect transistor may be an RF transistor configured 
to switch between an on state and an off state with a 
frequency of at least 1 GHz (or at least 2 GHz, at least 5 
GHz, at least 10 GHz, at least 20 GHz or at least 50 GHz) 
and/or at most 500 GHz (or at most 800 GHz). 
10049] For example, a thickness of the electrically insu-
lating material layer of the RF device may be at least 0.3 nm 
and/or at most 2 nm. A doping concentration of the highly 
doped group Ill-N contact portion of the RF device may be 
at least 1*1019 cm 3, for example. The RF device may 
further comprise a group Ill-N semiconductor layer in 
contact with the highly doped group Ill-N contact portion so 
that a low resistance contact is provided between the metal 
contact structure and the group Ill-N semiconductor layer of 
the RF device, for example. 
10050] More details and aspects of the radio frequency 
device are mentioned in connection with the embodiments 
described above or below. The embodiments of the radio 
frequency device may comprise one or more optional addi-
tional features corresponding to one or more aspects men-
tioned in connection with the proposed concept or one or 
more embodiments described above or below (e.g. FIGS. 
1-7). 
10051] FIG. 3 shows an example of a semiconductor 
device 300 comprising a field effect transistor during manu-
facturing. The semiconductor device 300 comprises a group 
Ill-N semiconductor layer 310, for example a GaN layer, 
having a thickness between 200 nm and 5 tim, e.g. a 
thickness of 1 tm. Further, the semiconductor device 300 
comprises a first highly doped group Ill-N contact portion 
310a, a first electrically insulating material layer 320, and a 
first metal contact structure 330. The first highly doped 
group Ill-N contact portion 310a is in contact with the group 
Ill-N semiconductor layer 310 and in contact with the first 
electrically insulating material layer 320. The first highly 
doped group Ill-N contact portion 310a provides at least 
partly a drain region of the field effect transistor, and the first 
metal contact structure 330 may be a source contact of the 
field effect transistor of the semiconductor device 300, for 
example. The semiconductor device may be referred to as 
group Ill-N semiconductor device. 
10052] Further, the semiconductor device 300 comprises a 
second highly doped group Ill-N contact portion 312a, a 
second electrically insulating material layer 322, and a 
second metal contact structure 332. The second highly 



US 2020/0 135865 Al 

doped group 111-N contact portion 312a is in contact with the 
group 111-N semiconductor layer 310 and in contact with the 
second electrically insulating material layer 322. The second 
highly doped group 111-N contact portion 312a provides at 
least partly a source region of the field effect transistor, and 
the second metal contact structure 332 may be a drain 
contact of the field effect transistor of the semiconductor 
device 300, for example. 
10053] The electrically insulating material layers 320, 322, 
e.g. insulators in the contact, may be between 0.3 nm-2 nm 
thick and may comprise A1203, TiO2, HfO2, ZrO2 or a 
combination of those. The metal contact structures 330, 332, 
e.g. metal layers, may comprise multiple layers, e.g. an 
adhesion and/or work function layer, e.g. comprising Ti or 
TiN or TaN that is 2-10 nm thick, and a metal fill, e.g. a metal 
portion, which e.g. provides low resistance for the bulk of 
the line, for example W or Al or similar. For example, the 
metal fill layer has a thickness dependent on an upper stack 
of the transistor of the device 300, for example between 50 
nm-200 nm. 
10054] For example, the field effect transistor of the semi-
conductor device 300 is a high-electron-mobility transistor 
and a polarization layer 340 is provided on the group Ill-N 
semiconductor layer 310 to form a heterostructure with the 
group Ill-N semiconductor layer 310 and to enable accu-
mulation of electrons or a formation of a two-dimensional 
electron gas at an interface of the polarization layer 340 and 
the group Ill-N semiconductor layer 310 within the group 
Ill-N semiconductor layer 310. For example, the polariza-
tion layer 340 comprises aluminum gallium nitride AlGaN, 
indium aluminum nitride InAlN, and/or quartenary indium 
aluminum gallium nitride InAlGaN. The polarization layer 
is between 5 nm-30 nm thick, for example. For example, an 
A1N layer 342 of a thickness of the order of 1 nm-3 nm is 
located vertically between the polarization layer 340 and the 
GaN layer 310. The polarization layer 340 may be covered 
by a hard mask HM layer 344 (e.g. silicon nitride layer or 
silicon oxide layer or a titanium nitride layer) during for-
mation of the highly doped group Ill-N contact portions and 
the electrically insulating material layer, for example. The 
hard mask layer 344 may be removed afterwards and a gate 
dielectric and a gate electrode of the field effect transistor 
may be formed on the polarization layer 340. 
10055] The GaN layer 310 is located on a Ill-N buffer 
stack 350 having a thickness on the order of e.g. having a 
thickness within the range of 200 nm-S tim. The buffer stack 
350 may be located on a silicon substrate 355, for example 
a Si (111) HR substrate. 
10056] The first and/or second highly doped group Ill-N 
contact portion 310a, 312a may be a N+ layer, e.g. com-
prising GaN or InGaN, and being doped with Si, e.g., having 
a doping concentration of more than 1*1019 cm 3, e.g. up to 
5*1020 cm 3. The N+ layer may have a thickness of 50 
nm-iSO nm, and may be in part connected to an amount of 
an etchout of the group Ill-N semiconductor layer 310, e.g. 
a GaN layer, (e.g. shown in FIG. 6d). For example, a top 
surface of the highly doped group Ill-N contact portions 
310a, 312a may be at least 10 nm (or at least 30 nm) and/or 
at most 100 nm (or at most 50 nm) higher than a top surface 
of the polarization layer 340 in a cross section of the 
semiconductor device 300. 
10057] For example, FIG. 3 shows an example of a struc-
ture proposed according to the present concept. An aspect 
may be seen in forming a metal-insulator-semiconductor 
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tunneling (MIST) contact (e.g. by providing the insulating 
layer) or a contact similar to a MIST contact which may 
improve contact resistance despite adding an insulator in the 
stack. This may be achieved by same insulator acting as a 
buffer between metal and Ill-N, e.g. GaN, semiconductor 
allowing the bands to "unpin", meaning that Fermi levels of 
the two materials may reach equilibrium (see e.g. the band 
model shown in FIG. 4). For example, the choice of metal 
may be made so as to minimize the barrier between the metal 
work function and conduction band of GaN semiconductor. 
An aspect of proposed concepts may be to properly balance 
the choice of insulator (e.g. TiO2, H102, etc.) as well as its 
thickness so that the effect of unpinning overcomes the effect 
of adding insulator in the stack. 
10058] More details and aspects are mentioned in connec-
tion with the embodiments described above or below. The 
embodiments shown in FIG. 3 may comprise one or more 
optional additional features corresponding to one or more 
aspects mentioned in connection with the proposed concept 
or one or more embodiments described above or below (e.g. 
FIGS. 1 and 2 and 4-7). 
10059] FIG. 4 schematically shows a band scheme of a 
semiconductor device with low resistive contact structure 
comprising an electrically insulating material layer (e.g. as 
shown in FIGS. 1, 2 and 3). An example of a band diagram 
400 is shown upon insertion of an insulator 420 (e.g. the 
electrically insulating material layer) in the metal-semicon-
ductor stack, e.g. between the metal contact structure and the 
group Ill-N semiconductor layer. A low band offset of a 
Fermi level 432 of a metal 430, e.g. the metal of the metal 
contact structure, to a conduction band 412 of a semicon-
ductor material 410, e.g. the semiconductor material of the 
group Ill-N semiconductor layer or the highly doped group 
Ill-N contact portion, is shown, which may result in a lower 
contact resistance of this stack, for example. In addition, as 
e.g. the band gap of the semiconductor material 410, e.g. 
GaN is similar to that of many insulators (e.g. insulating 
materials mentioned above, e.g. TiO2), a GaN MIST contact 
in fact may fully eliminate tunneling and rather rely on 
conventional thermionic emission over the barrier (e.g. 
introduced by adding the insulating layer 420). 
10060] FIG. 5 shows a flow chart of an exemplary method 
500 for forming a semiconductor device. The method 500 
comprises forming 510 an electrically insulating material 
layer on a group Ill-N semiconductor layer. The method 500 
further comprises forming 520 a metal contact structure on 
the electrically insulating material layer. According to the 
method 500, a low electrical resistance between the metal 
contact structure and the group Ill-N semiconductor layer 
through the electrically insulating material layer is achieved, 
wherein the electrical resistance is smaller than 1 * 10 6Q (or 
smaller than 1*10_7Q) for an area of 1 mm2
10061] The method 500 may enable manufacturing or 
forming a semiconductor device 100, 200, 300 as described 
before. For example, an electrical resistance between the 
metal contact structure and the group Ill-N semiconductor 
layer of a device formed according to the method 500 may 
be smaller compared to another device, e.g. having a same 
conductive area as the formed semiconductor device. 
10062] For example, the method 500 may comprise form-
ing the group Ill-N semiconductor layer on a silicon sub-
strate, e.g. by means of epitaxial growth. Alternatively, a 
group Ill-N buffer layer may be formed on the silicon 
substrate, and the group Ill-N semiconductor layer may be 
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formed on the group 111-N buffer layer. The group 111-N 
buffer layer may have a thickness of at least 100 nm and of 
at most 8 tim. 
10063] For example, a highly doped group 111-N contact 
portion may be formed on the group 111-N semiconductor 
layer, e.g. before forming 510 the electrically insulating 
material layer. The highly doped group 111-N contact portion 
may be formed on a portion, e.g. a lateral part, of the group 
111-N semiconductor layer, e.g. by means of epitaxial 
growth. For example, a vertical extension of the highly 
doped group 111-N contact portion may be at least 20 nm and 
at most 250 nm. The highly doped group Ill-N contact 
portion may have a doping concentration of at least 1* 1019

cm 3. For example, a portion of the group Ill-N semicon-
ductor layer may be doped to form the highly doped group 
Ill-N contact portion in said portion of the group Ill-N 
semiconductor layer. 
10064] For example, the electrically insulating material 
layer may be formed 510 after forming the group Ill-N 
semiconductor layer and before forming 520 the metal 
contact structure. The electrically insulating material layer 
may be an oxide layer or a nitride layer. The electrically 
insulating material layer may have a thickness of at least 0.2 
nm and at most 3 nm. 
10065] For example, forming the metal contact structure 
may comprise forming an adhesion layer, e.g. comprising at 
least one of titanium, titanium nitride, and tantalum nitride, 
in contact with the electrically insulating material layer. The 
adhesion layer may have a thickness of at least 1 nm and at 
most 20 nm. Further, a metal layer of the metal contact 
structure may be formed in contact with the adhesion layer, 
the metal layer comprising at least one of copper, tungsten 
and aluminum. The adhesion layer and the metal layer of the 
metal contact structure may be structured together or at least 
by using the same mask. 
10066] The method 500 may comprise forming a field 
effect transistor of the semiconductor device, e.g. an RF 
device. The field effect transistor to be formed may be an RF 
transistor, e.g. confgured to switch on and off with a 
frequency higher than 1 GHz. For example, the metal 
contact structure may be a source contact of the field effect 
transistor to be formed. Accordingly, a further metal contact 
structure may be a drain contact of the field effect transistor 
of the semiconductor device. 
10067] More details and aspects are mentioned in connec-
tion with the embodiments described above or below. The 
embodiments shown in FIG. 5 may comprise one or more 
optional additional features corresponding to one or more 
aspects mentioned in connection with the proposed concept 
or one or more embodiments described above or below (e.g. 
FIGS. 1-4 and 6a-7). 
10068] FIGS. 6a to 6i show an example of a method for 
forming a semiconductor device comprising metal-insula-
tor-semiconductor contacts of a transistor. 
10069] FIG. 6a shows the semiconductor device to be 
formed after providing 605 a silicon (Si) substrate 601, a 
Ill-N buffer layer 602 formed on the Si substrate 601, a GaN 
layer 603 formed on the Ill-N buffer layer 602, and a 
polarization layer 604 formed on the GaN layer 603. The 
Ill-N buffer layer 602 may be deposited or grown on the Si 
substrate 601, and the GaN layer 603 and the polarization 
layer 604 may be epitaxially grown subsequently. The 
polarization layer 604 may comprise AlGaN, InAlN, or 
quaternary InAlGaN, for example. 
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10070] A thickness of the grown polarization layer 604 
may be larger than 30 nm, for example. Optionally, an A1N 
layer may be formed between the polarization layer 604 and 
the GaN layer 603. A thickness of the A1N layer may be 
between 1 nm and 3 nm. For example, both the Ill-N buffer 
stack or buffer layer 602 and GaN layer 603 may be formed 
having a thickness of about e.g. a thickness of at least 200 
nm and up to 5im. 
10071] FIG. 6b shows the semiconductor device to be 
formed after providing 610 a shallow trench isolation. An 
insulator or insulation layer 606, e.g. an ILD (inter-level 
dielectric) film, is deposited on the polarization layer 604. 
For example, the insulator 606 and the polarization layer 604 
are completely etched and the GaN layer is partly etched at 
unmasked areas. 
10072] FIG. 6c shows the semiconductor device to be 
formed after forming 615 trenches 611 for subsequent 
source-drain formation adjacent to the polarization layer 
604. 
10073] FIG. 6d shows the semiconductor device to be 
formed after epitaxially growing 620 a highly n-doped 
source region 621 in a first trench, and a highly n-doped 
drain region 622 in a second trench of the trenches 611. Both 
the source region 621 and the drain region 622 may com-
prise GaN and may be highly doped, e.g. with a doping 
concentration of at least 1 e19/cm3, e.g. up to 5 e20/cm3. 
10074] FIG. 6e shows the semiconductor device to be 
formed after forming 625 another insulation layer as portion 
of the ILD 606. 
10075] FIG. 6f shows the semiconductor device to be 
formed after etching 630 a portion of the insulation layer 606 
and a portion of the polarization layer 604 located between 
the source region 621 and the drain region 622, to provide 
a trench 631 for forming a gate of the transistor. For 
example, the polarization layer 604 is partly recessed. A 
thickness of the polarization layer 604 within the recessed 
region may be between 5 nm and 30 nm, for example. 
10076] FIG. 6g shows the semiconductor device to be 
formed after forming 635 a gate structure of the semicon-
ductor device. The gate structure may comprise at least a 
gate contact structure, comprising gate metal 636. Option-
ally, the gate structure may further comprise a gate dielectric 
637. For example, the gate dielectric 637 may be formed 
within the trench 631 to insulate the gate metal 636 from the 
polarization layer 604. For example, the gate dielectric 637 
may be a single insulating material layer (e.g. A1203 layer, 
H102 layer or ZrO2 layer) or may comprise two or more 
insulating material sublayers. Subsequently, a remaining 
part of trench 631 may be filled with the gate metal 636. For 
example, only a gate metal 636 may be filled in the trench 
or layers of work function metals may be formed adjacent to 
the gate dielectric 637. In other words, multiple layers as 
work function metals (e.g. closest to gate dielectric) and/or 
metal fills (e.g. larger volume metals) may be implemented 
as gate, since metal that may set the work function might not 
have a sufficiently low resistivity. 
10077] FIG. 6k shows the semiconductor device to be 
formed after further forming 640 a topgate portion 641, e.g. 
as part of a gate contact structure. The topgate portion 641 
may comprise the same electrically conductive material as 
the gate metal 636. 
10078] FIG. 6i shows the semiconductor device to be 
formed after forming 645 a source contact structure 646 and 
a drain contact structure 647 of the semiconductor device. 
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For example, trenches may be formed within the insulation 
layer 606 in a lateral region of the source region 621 and the 
drain region 622. The source contact structure 646 and a 
drain contact structure 647 may be formed within said 
trenches. For example, before forming 645 the contact 
structures, a first portion 648 of an electrically insulating 
material layer may be formed on and in contact with the 
source region 621, and a second portion 649 of the electri-
cally insulating material layer may be formed on and in 
contact with the drain region 622. The electrically insulating 
material layer may have a thickness of less than 3 nm. 

10079] The source contact structure 646, the first portion 
648 of the electrically insulating material layer, and the 
source region 621, as well as the drain contact structure 647, 
the second portion 649 of the electrically insulating material 
layer, and the drain region 622 each provide a low resistive 
contact structure or respective metal-insulator-semiconduc-
tor contacts of the semiconductor device to be formed 
according to low resistive contacts proposed within the 
present disclosure. 

10080] For example, by providing the electrically insulat-
ing material layers 648, 649, an on-resistance of the tran-
sistor of the semiconductor device may be reduced. The 
semiconductor device may be a field effect transistor, e.g. a 
high-electron-mobility transistor, with a transistor channel at 
an interface 650 between the GaN layer 603 and the polar-
ization layer 604. For example, the transistor channel may 
be provided by a two-dimensional electron gas within the 
GaN layer 603 at the interface 650. By providing the low 
resistance source and drain contacts due to introducing the 
electrically insulating material layers 648, 649, a function-
ality of the transistor may be further improved, especially in 
view of requirements of modern RF applications. 

10081] In an alternative implementation of the method 
shown in FIGS. 6a to 6i, the gate dielectric 637 and the 
electrically insulating material layer may be formed in a 
common process step at the same time. For example, the 
trench 631 may be formed while providing trenches over the 
source region 621 and the drain region 622 before forming 
the gate metal. Then, the gate dielectric 637 and the two 
portions 648, 649 of the electrically insulating material layer 
may be formed together, and subsequently, the respective 
contact structures may be formed on the respective insula-
tors for providing source, gate, and drain contacts. 

10082] More details and aspects are mentioned in connec-
tion with the embodiments described above or below. The 
embodiments shown in FIGS. 6a to 6i may comprise one or 
more optional additional features corresponding to one or 
more aspects mentioned in connection with the proposed 
concept or one or more embodiments described above or 
below (e.g. FIGS. 1-5 and 7). 

10083] FIG. 7 shows an example of a communication 
system 700 comprising a user equipment 710 and a service 
device 720, e.g. a stationary communication device, e.g. a 
base station, a router, or a gateway. The user equipment may 
be a mobile phone, a smartphone, a computer, or a laptop, 
for example. The communication system 700 may be con-
figured to establish a wireless connection 730, e.g. a radio 
connection, between the user equipment 710 and the service 
device 720. The user equipment 710 and/or the service 
device 720 may comprise at least one semiconductor device 
100, 200, 300 according to a proposed semiconductor device 
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in a transceiver path (transmitting path and/or receiving 
path) of the user equipment 710 and/or the service device 
720. 
10084] More details and aspects are mentioned in connec-
tion with the embodiments described above or below. The 
embodiments shown in FIG. 7 may comprise one or more 
optional additional features corresponding to one or more 
aspects mentioned in connection with the proposed concept 
or one or more embodiments described above or below (e.g. 
FIGS. 1-6i). 
10085] An aspect of the present application relates to a 
metal insulator semiconductor contact for GaN based RF 
technology. Another aspect relates to methods for forming a 
metal insulator semiconductor contact for GaN based RF 
technology. 
10086] Providing an insulator between a metal and a 
semiconductor material for a metal-insulator-semiconductor 
tunneling contact may be used for other semiconductor 
materials as well, e.g. group IV (Si, SiGe, Ge, etc.) or group 
Ill-V (InGaAs, InSb, InAs, InP, GaAs, etc.) semiconductors. 
10087] Other solutions may include annealing metal into 
undoped GaN or direct metal contact onto highly doped, 
re-grown Ill-N source/drain, for example. An effect of these 
approaches may be a large contact resistance between metal 
and GaN channel which may limit performance of devices. 
This high resistance may be limited by the large Schottky 
barrier between metal and Ill-N, in large part due to large 
bandgap of Ill-N semiconductor. Further, different high 
temperature processing (such as metal anneal into undoped 
GaN) may be necessary which may not be compatible with 
other processing (e.g. high-K/metal gate). 
10088] Further examples relate to further aspects of the 
present disclosure. 
10089] Example 1 relates to a semiconductor device com-
prising a group Ill-N semiconductor layer; an electrically 
insulating material layer located on the group Ill-N semi-
conductor layer; and a metal contact structure located on the 
electrically insulating material layer, wherein an electrical 
resistance between the metal contact structure and the group 
Ill-N semiconductor layer through the electrically insulating 
material layer is smaller than 1*1 0 7Q for an area of 1 mm2. 
10090] Example 2 relates to the semiconductor device 
according to example 1, wherein a thickness of the electri-
cally insulating material layer is at least 0.3 nm and at most 
2 nm. 
10091] Example 3 relates to the semiconductor device 
according to example 1 or 2, wherein the electrically insu-
lating material layer is an oxide layer. 
10092] Example 4 relates to the semiconductor device 
according to one of the preceding examples 1 to 3, wherein 
a thickness of the group Ill-N semiconductor layer is at least 
100 nm and at most 8 tim. 
10093] Example 5 relates to the semiconductor device 
according to one of the preceding examples 1 to 4, com-
prising a highly doped group Ill-N contact portion located 
between the electrically insulating material layer and a 
portion of the group Ill-N semiconductor layer, wherein a 
doping concentration of the highly doped group Ill-N con-
tact portion is at least 1*1019 cm 3. 
10094] Example 6 relates to the semiconductor device 
according to example 5, wherein a vertical dimension of the 
highly doped group Ill-N contact portion is at least 20 nm 
and at most 250 nm. 



US 2020/0 135865 Al 

10095] Example 7 relates to the semiconductor device 
according to one of the preceding examples 1 to 6, wherein 
the group 111-N semiconductor layer is located on a group 
111-N buffer layer. 
10096] Example 8 relates to the semiconductor device 
according to example 7, wherein the group 111-N buffer layer 
has a thickness of at least 100 nm and of at most 8 tm. 
10097] Example 9 relates to the semiconductor device 
according to one of the preceding examples 1 to 8, wherein 
the metal contact structure comprises a sublayer comprising 
at least one of titanium, titanium nitride, and tantalum 
nitride. 
10098] Example 10 relates to the semiconductor device 
according to example 9, wherein the sublayer of the metal 
contact structure has a thickness of at least 1 nm and of at 
most 20 nm. 
10099] Example 11 relates to the semiconductor device 
according to one of the preceding examples 1 to 10, wherein 
the metal contact structure comprises a metal portion com-
prising at least one of copper, tungsten and aluminum. 
10100] Example 12 relates to the semiconductor device 
according to example 11 referring to example 9, wherein the 
metal portion of the metal contact structure is located on the 
sublayer. 
10101] Example 13 relates to the semiconductor device 
according to one of the preceding examples ito 12, wherein 
the group 111-N semiconductor layer is located on a silicon 
substrate. 
10102] Example 14 relates to the semiconductor device 
according to one of the preceding examples ito 13, wherein 
the metal contact structure is a source contact of a field effect 
transistor of the semiconductor device. 
10103] Example 15 relates to the semiconductor device 
according to one of the preceding examples 1 to 14, further 
comprising a further metal contact structure. 
10104] Example 16 relates to the semiconductor device 
according to example 15, wherein the semiconductor device 
is configured to conduct a current between the metal contact 
structure and the further metal contact structure through the 
electrically insulating material layer and the group Ill-N 
semiconductor layer. 
10105] Example 17 relates to the semiconductor device 
according to example 15 or 16, wherein the further metal 
contact structure is a drain contact of the field effect tran-
sistor of the semiconductor device. 
10106] Example 18 relates to the semiconductor device 
according to example 17, wherein the field effect transistor 
of the semiconductor device further comprises a polarization 
layer located on the group Ill-N semiconductor layer and 
positioned laterally between the source contact and the drain 
contact of the field effect transistor. 
10107] Example 19 relates to the semiconductor device 
according to example 18, wherein the polarization layer is an 
aluminum gallium nitride layer, an indium aluminum nitride 
layer, or an indium aluminum gallium nitride layer. 
10108] Example 20 relates to the semiconductor device 
according to example 18 or 19, wherein the polarization 
layer has a thickness of at least 3 nm and at most 50 nm. 
10109] Example 21 relates to the semiconductor device 
according to example 18, 19 or 20, further comprising an 
aluminum nitride layer located vertically between the polar-
ization layer and the group Ill-N semiconductor layer, 
wherein the aluminum nitride layer has a thickness of at least 
0.5 nm and at most 5 nm. 
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10110] Example 22 relates to the semiconductor device 
according to one of the preceding examples 18 to 21, 
wherein a gate electrode of the field effect transistor is 
located on the polarization layer. 
10111] Example 23 relates to the semiconductor device 
according to one of the preceding examples 14 to 22, 
wherein the field effect transistor is a lateral transistor. 
10112] Example 24 relates to the semiconductor device 
according to one of the preceding examples 14 to 23, 
wherein the field effect transistor is a high-electron-mobility 
transistor. 
10113] Example 25 relates to the semiconductor device 
according to one of the preceding examples, wherein the 
metal contact structure provides an electrical contact to at 
least one of an anode region of a diode, a cathode region of 
a diode, a drain region of a transistor, a source region of a 
transistor, a collector region of a transistor, an emitter region 
of a transistor, and a base region of a transistor of the 
semiconductor device. 
10114] Example 26 relates to a semiconductor device 
comprising: a group Ill-N semiconductor layer; and a low 
resistive contact structure comprising a highly doped group 
Ill-N contact portion, an electrically insulating material 
layer and a metal contact structure, wherein the low resistive 
contact structure is located on the group Ill-N semiconduc-
tor layer, wherein the electrically insulating material layer is 
located on the highly doped group Ill-N contact portion, and 
the metal contact structure is located on the electrically 
insulating material layer, wherein the highly doped group 
Ill-N contact portion has a doping concentration of at least 
1*1019 cm 3. 
10115] Example 27 relates to the semiconductor device 
according to example 26, wherein a thickness of the elec-
trically insulating material layer is at least 0.3 nm and at 
most 2 nm. 
10116] Example 28 relates to the semiconductor device 
according to example 26 or 27, wherein the electrically 
insulating material layer is an oxide layer. 
10117] Example 29 relates to the semiconductor device 
according to one of the preceding examples 26 to 28, 
wherein a thickness of the group Ill-N semiconductor layer 
is at least 100 nm and at most 8 tm. 
10118] Example 30 relates to the semiconductor device 
according to one of the preceding examples 26 to 29, 
wherein a vertical dimension of the highly doped group 
Ill-N contact portion is at least 20 nm and at most 250 nm. 
10119] Example 31 relates to the semiconductor device 
according to one of the preceding examples 26 to 30, 
wherein the group Ill-N semiconductor layer is located on a 
group Ill-N buffer layer. 
10120] Example 32 relates to the semiconductor device 
according to example 31, wherein the group Ill-N buffer 
layer has a thickness of at least 100 nm and of at most 8 tm. 
10121] Example 33 relates to the semiconductor device 
according to one of the preceding examples 26 to 32, 
wherein the metal contact structure comprises a sublayer 
comprising at least one of titanium, titanium nitride, and 
tantalum nitride. 
10122] Example 34 relates to the semiconductor device 
according to example 33, wherein the sublayer of the metal 
contact structure has a thickness of at least 1 nm and of at 
most 20 nm. 
10123] Example 35 relates to the semiconductor device 
according to one of the preceding examples 26 to 34, 
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wherein the metal contact structure comprises a metal por-
tion comprising at least one of copper, tungsten and alumi-
num. 
10124] Example 36 relates to the semiconductor device 
according to example 35 referring to example 33, wherein 
the metal portion of the metal contact structure is located on 
the sublayer. 
10125] Example 37 relates to the semiconductor device 
according to one of the preceding examples 26 to 36, 
wherein the group 111-N semiconductor layer is located on a 
silicon substrate. 
10126] Example 38 relates to the semiconductor device 
according to one of the preceding examples 26 to 37, 
wherein the metal contact structure is a source contact of a 
field effect transistor of the semiconductor device. 
10127] Example 39 relates to the semiconductor device 
according to one of the preceding examples 26 to 38, further 
comprising a further metal contact structure. 
10128] Example 40 relates to the semiconductor device 
according to example 39, wherein the semiconductor device 
is configured to conduct a current between the metal contact 
structure and the further metal contact structure through the 
electrically insulating material layer and the group 111-N 
semiconductor layer. 
10129] Example 41 relates to the semiconductor device 
according to example 39 or 40, wherein the further metal 
contact structure is a drain contact of the field effect tran-
sistor of the semiconductor device. 
10130] Example 42 relates to the semiconductor device 
according to example 41, wherein the field effect transistor 
of the semiconductor device further comprises a polarization 
layer located on the group 111-N semiconductor layer and 
positioned laterally between the source contact and the drain 
contact of the field effect transistor. 
10131] Example 43 relates to The semiconductor device 
according to example 42, wherein the polarization layer is an 
aluminum gallium nitride layer, an indium aluminum nitride 
layer, or an indium aluminum gallium nitride layer. 
10132] Example 44 relates to the semiconductor device 
according to example 42 or 43, wherein the polarization 
layer has a thickness of at least 3 nm and at most 50 nm. 
10133] Example 45 relates to the semiconductor device 
according to example 42, 43 or 44, further comprising an 
aluminum nitride layer located vertically between the polar-
ization layer and the group Ill-N semiconductor layer, 
wherein the aluminum nitride layer has a thickness of at least 
0.5 nm and at most 5 nm. 
10134] Example 46 relates to the semiconductor device 
according to one of the preceding examples 42 to 45, 
wherein a gate electrode of the field effect transistor is 
located on the polarization layer. 
10135] Example 47 relates to the semiconductor device 
according to one of the preceding examples 39 to 46, 
wherein the field effect transistor is a lateral transistor. 
10136] Example 48 relates to the semiconductor device 
according to one of the preceding examples 39 to 47, 
wherein the field effect transistor is a high-electron-mobility 
transistor. 
10137] Example 49 relates to the semiconductor device 
according to one of the preceding examples 26 to 48, 
wherein the metal contact structure provides an electrical 
contact to at least one of an anode region of a diode, a 
cathode region of a diode, a drain region of a transistor, a 
source region of a transistor, a collector region of a transis-
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tor, an emitter region of a transistor, and a base region of a 
transistor of the semiconductor device. 
10138] Example 50 relates to a radio frequency device 
comprising: a field effect transistor; and a low resistive 
contact structure of the field effect transistor, wherein the 
low resistive contact structure comprises a highly doped 
group Ill-N contact portion, an electrically insulating mate-
rial layer and a metal contact structure, wherein the metal 
contact structure provides a drain contact or a source contact 
of the field effect transistor, wherein the field effect transistor 
is configured to switch between an on state and an off state 
with a frequency of at least 1 GHz. 
10139] Example 51 relates to the radio frequency device 
according to example 50, wherein a thickness of the elec-
trically insulating material layer is at least 0.3 nm and at 
most 2 nm. 
10140] Example 52 relates to the radio frequency device 
according to example 50 or 51, wherein a doping concen-
tration of the highly doped group Ill-N contact portion is at 
least 1*1019 cm 3. 
10141] Example 53 relates to a method for forming a 
semiconductor device, the method comprising: forming an
electrically insulating material layer on a group Ill-N semi-
conductor layer; and forming a metal contact structure on 
the electrically insulating material layer; wherein an elec-
trical resistance between the metal contact structure and the 
group Ill-N semiconductor layer through the electrically 
insulating material layer is smaller than 1 * 10 7Q for an area 
of 1 mm2. 
10142] Example 54 relates to The method according to 
example 53, wherein the electrically insulating material 
layer has a thickness of at least 0.3 nm and at most 2 nm. 
10143] Example 55 relates to the method according to 
example 53 or 54, wherein the electrically insulating mate-
rial layer is an oxide layer. 
10144] Example 56 relates to the method according to one 
of examples 53 to 55, wherein the group Ill-N semiconduc-
tor layer has a thickness of at least 100 nm and at most 8 tm. 
10145] Example 57 relates to the method according to one 
of examples 53 to 56, further comprising forming a highly 
doped group Ill-N contact portion between the electrically 
insulating material layer and a portion of the group Ill-N 
semiconductor layer, wherein a doping concentration of the 
highly doped group Ill-N contact portion is at least 1* iO' 
cm 3. 
10146] Example 58 relates to the method according to 
example 57, wherein the highly doped group Ill-N contact 
portion has a vertical extension of at least 20 nm and at most 
250 nm. 
10147] Example 59 relates to the method according to one 
of examples 53 to 58, wherein the group Ill-N semiconduc-
tor layer is formed on a group Ill-N buffer layer. 
10148] Example 60 relates to the method according to 
example 59, wherein the group Ill-N buffer layer has a 
thickness of at least 100 nm and of at most 8 tm. 
10149] Example 61 relates to the method according to one 
of examples 53 to 60, wherein forming the metal contact 
structure comprises forming a sublayer comprising at least 
one of titanium, titanium nitride, and tantalum nitride. 
10150] Example 62 relates to the method according to 
example 61, wherein the sublayer of the metal contact 
structure has a thickness of at least 1 nm and at most 20 nm. 
10151] Example 63 relates to the method according to one 
of examples 53 to 62, wherein forming the metal contact 
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structure comprises forming a metal portion comprising at 
least one of copper, tungsten and aluminum. 
10152] Example 64 relates to the method according to 
example 63 referring to example 61, wherein the metal 
portion of the metal contact structure is formed on the 
sublayer. 
10153] Example 65 relates to the method according to one 
of examples 53 to 64, wherein the group 111-N semiconduc-
tor layer is formed on a silicon substrate. 
10154] Example 66 relates to the method according to one 
of examples 53 to 65, wherein the metal contact structure is 
a source contact of a field effect transistor of the semicon-
ductor device. 
10155] Example 67 relates to the method according to one 
of examples 53 to 66, further comprising forming a further 
metal contact structure. 
10156] Example 68 relates to the method according to 
example 67, wherein the further metal contact structure is a 
drain contact of the field effect transistor of the semicon-
ductor device. 
10157] Example 69 relates to the method according to 
example 68, further comprising forming a polarization layer 
of the field effect transistor on the group Ill-N semiconduc-
tor layer and positioned laterally between the source contact 
and the drain contact of the field effect transistor. 
10158] Example 70 relates to the method according to 
example 69, wherein the polarization layer is an aluminum 
gallium nitride layer, an indium aluminum nitride layer, or 
an indium aluminum gallium nitride layer. 
10159] Example 71 relates to the method according to 
example 69 or 70, wherein the polarization layer has a 
thickness of at least 3 nm and at most 50 nm. 
10160] Example 72 relates to the method according to 
example 70 or 71, further comprising forming an aluminum 
nitride layer vertically between the polarization layer and the 
group Ill-N semiconductor layer, wherein the aluminum 
nitride layer has a thickness of at least 0.5 nm and at most 
5 nm. 
10161] Example 73 relates to the method according to one 
of the preceding examples 70 to 72, wherein a gate structure 
of the field effect transistor is formed on the polarization 
layer. 
10162] Example 74 relates to the method according to one 
of the preceding examples 53 to 73, wherein the electrically 
insulating material layer and a gate insulation layer are 
formed simultaneously. 
10163] Example 75 relates to the method according to one 
of examples 53 to 74, wherein the metal contact structure is 
an electrical contact to at least one of an anode region of a 
diode, a cathode region of a diode, a drain region of a 
transistor, a source region of a transistor, a collector region 
of a transistor, an emitter region of a transistor, and a base 
region of a transistor of the semiconductor device. 
10164] Example 76 relates to the method according to one 
of examples 53 to 75, wherein the semiconductor device is 
a radio frequency device. 
10165] The aspects and features mentioned and described 
together with one or more of the previously detailed 
examples and figures, may as well be combined with one or 
more of the other examples in order to replace a like feature 
of the other example or in order to additionally introduce the 
feature to the other example. 
10166] The description and drawings merely illustrate the 
principles of the disclosure. Furthermore, all examples 
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recited herein are principally intended expressly to be only 
for illustrative purposes to aid the reader in understanding 
the principles of the disclosure and the concepts contributed 
by the inventor(s) to furthering the art. All statements herein 
reciting principles, aspects, and examples of the disclosure, 
as well as specific examples thereof, are intended to encom-
pass equivalents thereof. 

10167] It is to be understood that the disclosure of multiple 
acts, processes, operations, steps or functions disclosed in 
the specification or claims may not be construed as to be 
within the specific order, unless explicitly or implicitly 
stated otherwise, for instance for technical reasons. There-
fore, the disclosure of multiple acts or functions will not 
limit these to a particular order unless such acts or functions 
are not interchangeable for technical reasons. Furthermore, 
in some examples a single act, function, process, operation 
or step may include or may be broken into multiple sub-acts, 
-functions, -processes, -operations or -steps, respectively. 
Such sub acts may be included and part of the disclosure of 
this single act unless explicitly excluded. 

10168] Furthermore, the following claims are hereby 
incorporated into the detailed description, where each claim 
may stand on its own as a separate example. While each 
claim may stand on its own as a separate example, it is to be 
noted that —although a dependent claim may refer in the 
claims to a specific combination with one or more other 
claims -other examples may also include a combination of 
the dependent claim with the subject matter of each other 
dependent or independent claim. Such combinations are 
explicitly proposed herein unless it is stated that a specific 
combination is not intended. Furthermore, it is intended to 
include also features of a claim to any other independent 
claim even if this claim is not directly made dependent to the 
independent claim. 

What is claimed is: 

1. A semiconductor device comprising: 

a group Ill-N semiconductor layer; 

an electrically insulating material layer located on the 
group Ill-N semiconductor layer; and 

a metal contact structure located on the electrically insu-
lating material layer, 

wherein an electrical resistance between the metal contact 
structure and the group Ill-N semiconductor layer 
through the electrically insulating material layer is 
smaller than 1*107Q for an area of 1 mm2. 

2. The semiconductor device according to claim 1, 

wherein a thickness of the electrically insulating material 
layer is at least 0.3 nm and at most 2 nm. 

3. The semiconductor device according to claim 1, 

wherein the electrically insulating material layer is an 
oxide layer. 

4. The semiconductor device according to claim 1, 

wherein a thickness of the group Ill-N semiconductor 
layer is at least 100 nm and at most 8 tm. 

5. The semiconductor device according to claim 1, 

comprising a highly doped group Ill-N contact portion 
located between the electrically insulating material 
layer and a portion of the group Ill-N semiconductor 
layer, wherein a doping concentration of the highly 
doped group Ill-N contact portion is at least 1*1019

cm3. 
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6. The semiconductor device according to claim 5, 
wherein a vertical dimension of the highly doped group 

111-N contact portion is at least 20 nm and at most 250 
mm. 

7. The semiconductor device according to claim 1, 
wherein the group 111-N semiconductor layer is located on 

a group 111-N buffer layer. 
8. The semiconductor device according to claim 7, 
wherein the group 111-N buffer layer has a thickness of at 

least 100 nm and of at most 8 tim. 
9. The semiconductor device according to claim 1, 
wherein the metal contact structure comprises a sublayer 

comprising at least one of titanium, titanium nitride, 
and tantalum nitride. 

10. The semiconductor device according to claim 9, 
wherein the sublayer of the metal contact structure has a 

thickness of at least 1 nm and of at most 20 nm. 
11. The semiconductor device according to claim 1, 
wherein the metal contact structure comprises a metal 

portion comprising at least one of copper, tungsten and 
aluminum. 

12. The semiconductor device according to claim 11, 
wherein the metal portion of the metal contact structure is 

located on the sublayer of the metal contact structure. 
13. The semiconductor device according to claim 1, 
wherein the group 111-N semiconductor layer is located on 

a silicon substrate. 
14. The semiconductor device according to claim 1, 
wherein the metal contact structure is a source contact of 

a field effect transistor of the semiconductor device. 
15. The semiconductor device according to claim 1, 

further comprising a further metal contact structure. 
16. The semiconductor device according to claim 15, 
wherein the semiconductor device is confgured to con-

duct a current between the metal contact structure and 
the further metal contact structure through the electri-
cally insulating material layer and the group Ill-N 
semiconductor layer. 

17. The semiconductor device according to claim 15, 
wherein the further metal contact structure is a drain 

contact of the field effect transistor of the semiconduc-
tor device. 

18. The semiconductor device according to claim 17, 
wherein the field effect transistor of the semiconductor 

device further comprises a polarization layer located on 
the group Ill-N semiconductor layer and positioned 
laterally between the source contact and the drain 
contact of the field effect transistor. 

19. The semiconductor device according to claim 1, 
wherein the metal contact structure provides an electrical 

contact to at least one of an anode region of a diode, a 
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cathode region of a diode, a drain region of a transistor, 
a source region of a transistor, a collector region of a 
transistor, an emitter region of a transistor, and a base 
region of a transistor of the semiconductor device. 

20. A semiconductor device comprising: 
a group Ill-N semiconductor layer; and 
a low resistive contact structure comprising a highly 

doped group Ill-N contact portion, an electrically insu-
lating material layer and a metal contact structure, 

wherein the low resistive contact structure is located on 
the group Ill-N semiconductor layer, 

wherein the electrically insulating material layer is 
located on the highly doped group Ill-N contact por-
tion, and the metal contact structure is located on the 
electrically insulating material layer, 

wherein the highly doped group Ill-N contact portion has 
a doping concentration of at least 1*1019 cm 3. 

21. The semiconductor device according to claim 20, 
wherein a thickness of the electrically insulating material 

layer is at least 0.3 nm and at most 2 nm. 
22. A radio frequency device comprising: 
a field effect transistor; and 
a low resistive contact structure of the field effect tran-

sistor, wherein the low resistive contact structure com-
prises a highly doped group Ill-N contact portion, an
electrically insulating material layer and a metal con-
tact structure, 

wherein the metal contact structure provides a drain 
contact or a source contact of the field effect transistor, 

wherein the field effect transistor is configured to switch 
between an on state and an off state with a frequency of 
at least 1 GHz. 

23. The radio frequency device according to claim 22, 
wherein a thickness of the electrically insulating material 

layer is at least 0.3 nm and at most 2 nm. 
24. A method for forming a semiconductor device, the 

method comprising: 
forming an electrically insulating material layer on a 

group Ill-N semiconductor layer; and 
forming a metal contact structure on the electrically 

insulating material layer; 
wherein an electrical resistance between the metal contact 

structure and the group Ill-N semiconductor layer 
through the electrically insulating material layer is 
smaller than 1*107Q for an area of 1 mm2. 

25. The method according to claim 24, 
wherein the electrically insulating material layer has a 

thickness of at least 0.3 nm and at most 2 nm. 

* * * * * 
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